A comparative study of Auger neutralization (AN) of He ions at noble metal surfaces is presented in order to reveal how the electronic structure of the sample influences this charge exchange process. Comparison of calculated ion fractions to experimental data obtained in low energy ion scattering (LEIS) shows that good agreement is achieved only if the relevant aspects of the He-metal interaction are properly taken into consideration. For instance AN depends sensitively on the distance-dependent position of the projectile level, which varies significantly when considering different target materials.
A comparative study of Auger neutralization (AN) of He ions at noble metal surfaces is presented in order to reveal how the electronic structure of the sample influences this charge exchange process. Comparison of calculated ion fractions to experimental data obtained in low energy ion scattering (LEIS) shows that good agreement is achieved only if the relevant aspects of the He-metal interaction are properly taken into consideration. For instance AN depends sensitively on the distance-dependent position of the projectile level, which varies significantly when considering different target materials. 
I. INTRODUCTION
When a positive ion approaches a surface one can distinguish between two different types of processes that lead to charge exchange: two-electron processes such as Auger neutralization (AN) or Auger de-excitation and one-electron transitions, i.e., resonant neutralization (RN) and resonant ionization (RI). These processes have been under investigation for many decades, 1-3 and much progress has been made recently. [4] [5] [6] [7] [8] Due to their level of complexity, a complete understanding of these processes has not yet been reached. To proceed one step further toward this aim, the present study investigates how the electronic properties of the target influence AN of He + ions in low energy ion scattering (LEIS) where single scattering events by a large angle prevail. This is not only of fundamental interest but also of vital importance in manifold applications, especially for surface analysis techniques such as Auger electron spectroscopy, [9] [10] [11] [12] ion scattering under grazing incidence, 13 and LEIS. 14, 15 LEIS is a common surface analysis technique, which is sensitive to the outermost atomic layers of the sample under investigation when noble gas ions are used as projectiles. 14, 15 Typically primary beam energies E are in the range of 0.5 to 10 keV, and the scattering angle ϑ is chosen between 100
• and 170
• . The field of application is mostly analysis of surface structure or surface composition. In order to obtain quantitative results with LEIS, detailed knowledge of the charge exchange processes at surfaces is of crucial importance. 16, 17 In LEIS charge exchange is mostly governed by two different processes. First, AN is possible whenever an occupied metal state is energetically situated above the empty ion state. The process is a two-electron process in which an electron from a metal state is scattered to the unoccupied ion state, while the gain in potential energy is transferred to the electronic system of the metal, which can either lead to the excitation of a single electron or a plasmon. Second, resonant charge transfer is possible whenever an empty projectile level is in resonance with an occupied target level (RN) or vice versa (RI). RN of He + is not possible at sufficiently large ion-surface distances when the He 1s level is well below the bottom of the conduction band and excited He states are above the Fermi level, as is the case for the vast majority of elemental surfaces. With decreasing projectile-surface distance the He 1s level undergoes a significant energy shift when the He level is promoted due to its interaction with bound states of target atoms. 13, 18 In consequence resonant transitions become possible whenever the distance between the ion and an atom is smaller than a critical distance, r 0 . For a given value of ϑ, the minimum distance in the collision becomes smaller than r 0 for energies exceeding a threshold energy E 0 . For E < E 0 neutralization is basically due to AN; at the corresponding energies, quantum resonant processes due to the finite width of the He level and nonadiabatic effects are negligible.
AN is very well understood on a qualitative basis by now, but the specific influence of the electronic structure of a target on this process is still a matter of current investigations. Experimental results on neutralization of He + at Ag surfaces at grazing angles of incidence exhibited an unexpected dependence of the ion fraction on the crystallographic orientation of the surface. This finding was explained by the fact that for different Miller indices the jellium edge is located at different distances to the surface planes, which contain the outermost atomic layers. 19, 20 Thorough investigations revealed that a theory of AN beyond the jellium model is required to explain existing experiments on noble metals and to be able to make quantitative predictions there. To this end, a theory of AN was formulated using a Linear Combination of Atomic Orbitals (LCAO) basis for the metal electrons. 21 This model successfully explains experimental results for the neutralization of He ions at Al and Ag surfaces in the grazing scattering regime. [22] [23] [24] Recent experiments for He + ions scattered from Cu and Au crystals in the AN regime of LEIS exhibited a pronounced dependence of the neutralization probability on the surface orientation, similarly as discussed above for grazing collisions. 25, 26 Analog investigations for Ag crystals did not result in a pronounced orientation dependence; 26, 27 therefore, in a recent effort the LCAO model was adopted to also describe AN in the large angle scattering geometry. First results obtained for He + scattered from Ag(110) in different azimuth directions were in good agreement with experimental data. 28 The aim of the present work is to analyze the experimental ion fraction of He + scattered off different surfaces of the three noble metals Cu, Ag, and Au in the AN regime in LEIS by use of this model. A unified picture emerges from this analysis: at close distances to the surface, where the neutralization occurs, the process is controlled by the d-electrons of the metal; the distance-dependent position of the He 1s level plays a dominant role for obtaining good agreement with the measured values of the ion fractions. Atomic units (e =h = m e = 1) will be used unless otherwise stated.
II. THEORY
A. AN rate AN is commonly described by the corresponding transition rate . A theory to calculate for ions in front of metal surfaces was developed, taking into account the crystal structure of the surface. [21] [22] [23] Here, only the main features of this theory will be summarized. The basic idea is to separate the metal electron which neutralizes the ion from the metallic excitations taking the excess of potential energy. The wave function of the neutralizing electron is described using a LCAO basis, while the metal excitations are described within the jellium model. Then, the AN rate can be expressed as
In this equation χ ( q || ,ω,z,z ) is the response function of the metal surface to an excitation of energy ω and parallel momentum q || , which will be calculated for a jellium surface. ω b is the minimum excitation energy, corresponding to an electron at the bottom of the conduction band neutralizing the ion. In AN the excitation originates from Coulomb interaction between the ion and the metal electron, which neutralizes the ion. This process is described by matrix elements V α,R which, after Fourier transformation of the coordinates parallel to the surface, read
In Eq. (2) φ a ( r 1 − r a ) and φ α ( r 1 − R) are localized orbitals representing the 1s orbital of the He atom placed at a point r a with respect to the substrate unit cell and the atomic orbital φ α of a substrate atom at the lattice point R, respectively. These are orthonormal orbitals constructed from the purely atomic orbitals of independent He and target atoms by means of Löwdin's prescription. 29 ρ R,α,R ,α is the substrate density of states (DOS) projected to the localized basis. In this work the response function is calculated within the jellium model, with the jellium edge placed at half an interlayer distance in front of the first atomic layer. The possibility that a s or d-electron is excited in the Auger process is taken into account by means of an effective mean electron radius r s (ω), which is calculated from the mean number of excited electrons per atom n(ω) measured in optical experiments 30-32 via
.
Here V corresponds to the volume of the primitive unit cell of the metal. For the unperturbed and unreconstructed surfaces DOS have been calculated using the equation
where the Hamiltonian H is calculated by means of the ab initio density functional theory (DFT) local orbital code FIREBALL, 33 ,34 based on the ideas by Sankey and Niklewski. 35 In order to avoid numerical instabilities and to smooth the peak-like DOS obtained in FIREBALL, a small quantity η is introduced (η = 0.1). The employed DOS are in good agreement with other ab initio calculations. Note that in Eq. (1) the energy level E a ( r a ) of the ion (with respect to the Fermi level) is an upper limit for the excitation energy. This is of importance for the results, as will be shown in the Results and Discussion section. Other parameters that enter Eq. (1) are the work function, DOS, and effective number of electrons, but they are of minor importance.
To investigate the relationship between electronic structure and , a closer look is taken at the AN rates at the on-top position of different noble metal surfaces. The on-top position corresponds to a He + ion approaching the surface on top of a surface atom. In the case of normal incidence and assuming exclusively single scattering, the rates for the on-top position are of particular interest, since neutralization of the ion, prior to the scattering event, is almost entirely described by the on-top rate.
28 Figure 1 presents the on-top rates for He + approaching Cu(111), Ag(111), and Au(111) surfaces, respectively. The total rate (black squares) is decomposed into contributions from different orbitals: s-orbitals (blue triangles) and d-orbitals (green diamonds). These correspond to the terms α = α = s-orbital and α = α = d-orbital of Eq. (1), respectively. Terms crossing orbitals of different symmetry are negligible. Additionally the total contribution of the on-top atom is shown (red circles, dashed). The general behavior of all three surfaces is very similar. As one can see, the total AN rate is governed by transitions from d-orbitals for z distances below 2 a.u.; at z = 1 a.u., contributions from d-orbitals are higher than contributions from s-orbitals by at least a factor of 3. The d-orbital contributions arise almost exclusively from the on-top atom; d-orbital contributions from neighbor atoms are negligible. Evidence for this is given by the position of the peak of d-orbital contributions, which correlates with the position of maximum overlap of the He 1s level with the d 3z 2 −r 2 orbital of the on-top atom.
Contributions from s-orbitals originate from the on-top atom and its nearest neighbors in the first and second layer. The relative contributions from neighbors increase with increasing ion-surface distance. Additionally one can see the influence of different lattice parameters on AN: Cu as opposed to Au and Ag has a notably smaller lattice parameter (Cu: 3.6147Å, Ag: 4.0857Å, Au: 4.0783Å) and consequently a smaller distance between the on-top atom and its neighbors. As a result, the contribution from neighbor atoms, which is mostly due to s-orbital contributions, becomes important at smaller ion-surface distances. Given the fact that in the LEIS regime the turning point of typical trajectories is well below 2 a.u. in front of the first atomic layer and that for large ion-surface distances the AN rate decays exponentially with increasing distance, 23 one can infer that the neutralization process is determined by AN rates for z < 2 a.u. In this region AN of He at noble metal surfaces is governed by d-orbital electrons of the scattering partner, which makes AN at these surfaces a very localized process. This behavior is in strong contrast to the behavior found for Al surfaces. 21 Here, the contributions originating from the nearest neighbors are larger than the contributions from the on-top atom at all distances investigated.
B. He 1s level shift
Several effects lead to the modification of the He 1s level in front of a surface: at large distances, the level shift can be described by the classical image potential. 13 At smaller distances chemical effects may influence the position of the level drastically:
18 the presence of metal states with energies above the He 1s state leads to an increase in the binding energy when the He + ion reaches a certain distance from the surface. At even smaller distances, the interactions with core electrons can lead to a promotion of the level above the Fermi level. Thus, the level shift as a function of ion surface distance depends on the electronic configuration of projectile and target. Theoretical investigations of this effect were mostly concerned with H + or He + projectiles scattered from Al surfaces also with the background of explaining charge exchange in resonant transitions. 18, [36] [37] [38] [39] [40] [41] [42] [43] Since the level shift is not directly observable, experimental data on this effect are very scarce: Wethekam et al. were able to deduce the level shift of He + in front of Al based on the deviation from the specular reflection angle in grazing scattering. 44 Lancaster et al. inferred the level shift from the high-energy cut-off in Auger electron spectra. 9 The effect of the level shift on AN was already discussed in the pioneering work by Hagstrum.
3 In these investigations an upward shift of the He 1s level by 2 eV was identified as a remarkably universal figure for various He + -metal combinations when considering low perpendicular energies (several eV) of the projectile. This value is also confirmed by recent investigations of He + scattered from Ag(111) and Ag(110), where agreement between experiment and theory was obtained assuming a level shift of 2 eV. 45 Experiments for He + scattered from various Al surfaces yielded, depending on the perpendicular energy, the shift of the He 1s level is in the range between −1 eV and 2 eV. 24 All these experiments were conducted in grazing scattering geometry, where the perpendicular energy of the projectiles is small. In contrast due to the large perpendicular energy in the LEIS regime, typical trajectories comprise a backscattering collision with a single atom characterized by a very small distance of closest approach. In this close collision the electronic interaction between projectile and collision partner is very strong, leading to a pronounced variation of the He 1s level as a function of distance.
Unfortunately detailed calculations concerning the He 1s level shift for He + in front of noble metal surfaces are not available. Hence, two different approaches, both with a free parameter, are employed in this investigation in order to mimic the He 1s level shift.
(i) The "hard wall" level shift is characterized by a constant value of the energy level and a step-like rise at a position corresponding to r 0 ; here, the free parameter is the energy position of the constant level. The hard wall simulates the pronounced promotion of the level at very short distances. (ii) The "He-Al" level shift is based on the level shift recently calculated for He in front of an Al surface. 18 In order to adapt the He-Al level shift to the present systems, the level shift is displaced by a certain amount in distance toward the surface. This is motivated by the fact that, as explained previously, the deviation from the image shift is caused by the interaction of He with the conduction band electrons. In the noble metals the density of sp-electrons is smaller than in Al, and the effect of the d-band electrons should operate at shorter distances. These two effects cooperate in the way of moving the interaction region towards the surface. 
III. Analysis of ion fractions
Results obtained with this model are compared to experimentally obtained ion fractions. The ion fraction P + is defined as the fraction of projectiles which reach the detector in a positively charged state P + = A + /(A + + A 0 ). When charge exchange is exclusively due to AN, the relationship between P + and the AN-rate is based on the following rate equation: dP + = −P + dt. From this expression it is possible to derive P + for the incoming/outgoing part of the trajectory
where i stands for in and out, respectively; the instants t i,1 and t i,2 refer to starting point of the trajectory and the turning point, respectively. AN rates were calculated for specific points in front of the surface, (x, y, z), and linear interpolation was used to determine the rate for all ion positions along its trajectory. Trajectories, required to deduce P + using Eq. (3), were calculated by means of the molecular dynamics (MD) simulation program KALYPSO 46 under the premise of exclusive single scattering. The interaction between projectile and target was described by the universal potential by Ziegler, Biersack and Littmark (ZBL). 47 The use of other interatomic potentials, e.g., Thomas-Fermi-Moliere with reasonable values for the screening length, does not change the resulting ion fraction in a significant way. The reason is that-in the energy range investigated in this work-the turning points of the different trajectories are in the region of distances where the AN rates start to decrease. Thus, only a minor impact of the position of the turning point on the AN probability is found. It is observed that the effects of the scattering potential are definitively much smaller than the effects of the He-level shift, which will be discussed in the next section.
The polycrystalline samples, which were investigated in this work, were approximated as a surface with randomly oriented (111) domains. 48 Consequently the ion fraction was obtained as an average over trajectories scattered from a (111) surface with normal incidence and exiting in arbitrary azimuth directions.
The equivalent information from experimental data is deduced from scattered yields A + and A 0 (see previous discussion). When P + is plotted as a function of 1/v ⊥ = 1/v ⊥,in + 1/v ⊥,out , a single-exponential fit to the P + = exp(−v c /v ⊥ ) data yields the characteristic velocity v c , which is related to via v c = dz. Thus, v c is a convenient measure of neutralization efficiency for a given surface-projectile combination.
Experiments and simulations for (100) and (110) surfaces were performed in double alignment geometry, which corresponds to normal incidence and exit in [001] and [112] azimuth direction, respectively.
The experimental data to which the theoretical calculation is compared was obtained with the time-of-flight LEIS set-up ACOLISSA. 49 Therefore, calculations were performed for a scattering angle of 129
• . In the calculation an acceptance angle of ±1.6
• was used (experiment: ±0.46 • ). Unless otherwise noted, the incident beam was aligned with the surface normal, and primary energies were chosen below or slightly above the threshold energy for resonant charge exchange in close collisions, E 0 . Energies slightly above E 0 are calculated to facilitate the determination of the single-exponential fit through the calculated points. A common feature of the noble metals is a comparatively high value of E 0 (Cu: 2 keV, Ag: 1.25 keV, Au: 1 keV 25, 26 ). This allows one to investigate AN of He + ions at noble metal surfaces in a rather wide range of energies.
IV. RESULTS AND DISCUSSION
With the AN rates depicted in Fig. 1 and the simulated trajectories, the ion fraction was calculated according to Eq. (3). The results obtained for polycrystalline Au were found to be ∼50% above the experimental data. Uncertainties in the external parameters (DOS, effective number of electrons, work function) do not have a sufficiently high impact on the resulting AN rate to explain this discrepancy. However, it turned out that reacts very sensitively to an energy shift of the He 1s level. In the calculations presented in Fig. 1 , the He level was set to −17.5 eV w.r.t. to E F , which corresponds to a constant upward shift by 2 eV (assuming a work function for Au of 5.1 eV, in good agreement with experimental values 50 ). In comparison, calculations with the He 1s level at −21.0 eV w.r.t. E F result in an increase in for the on-top position by more than 40% at all projectile-surface distances. Calculations of P + for He + scattered from polycrystalline Au obtained by the "hard wall" and the "He-Al" level shift models (see Fig. 2 Fig. 3(b) . In this case very good agreement is obtained for a displacement of the He-Al shift by 0.4 a.u. toward the surface (continuous line in Fig. 2) . Thus, for both models best concordance is obtained for the same value for r 0 , i.e., r 0 = 0.6 a.u. Note that this value for r 0 is very close to the experimentally deduced critical distance where AN breaks down and reionization sets in (0.61 a.u.). When comparing these two models, the hard-wall level shift can be interpreted as an average of a realistic level shift at distances where AN occurs. Consequently further calculations were performed with the hard-wall level shift, which is more easily implemented. Since the Au(110) surface is reconstructed and there is a significant contribution to the ion fraction from the second atomic layer, 26 results for Cu and Ag are discussed next.
For Cu three different crystal orientations were investigated: (100), (110), and polycrystalline Cu. The aim was to see whether the model correctly reproduces the experimentally observed physical matrix effect. As a first step, the ion fractions were determined based on calculations of with a constant upward level shift by 2 eV. Depending on the work functions of the particular surfaces [(110) and (100): 4.6 eV, poly: 5.1 eV 50, 51 ], the 2 eV shift corresponds to a He level at 18.0 eV or 17.5 eV below E F , respectively. Similarly as for Au, only qualitative agreement between theory and calculations was achieved: The relative differences between the different crystal faces are reproduced correctly, but calculated AN rates would have to be increased by more than 30% in order to achieve quantitative agreement with experimental data. + scattered from Ag(110) (full squares), Ag(111) (full diamonds), and polycrystalline Ag (full asterisks), calculated with a constant upward shift of the He 1s level by 2 eV. Open symbols correspond to experimental data 26, 27 ; straight lines represent single-exponential fits. level shift with the He level set to −20.5 eV w.r.t. E F (full symbols). This calculation results in almost perfect agreement with the experimental data for polycrystalline Cu. The same level shift also leads to very good agreement between theory and experiment for Cu(100) and fair agreement for Cu(110). For Cu(100) and Cu(110) the discrepancies may be due to uncertainties in the employed DOS and small differences in the level shifts for different surface orientations. In this respect it should be mentioned that for the He/Al system studied in grazing scattering geometry, 24 the measured differences in level shifts for the different faces of Al are smaller than 1 eV, and one can expect even less differences in the present case of normal incidence. Note the remarkably similar level shifts used for Cu and Au surfaces, as might be expected in view of their similar band structures.
Ag(110) was already investigated previously, and good agreement between theory and experiment has been achieved. 28 Figure 5 exhibits the results obtained for Ag(110) (squares), Ag(111) (diamonds), and polycrystalline Ag (asterisks). Full symbols correspond to calculated values, whereas open symbols represent experimental data. In the calculation the difference between Ag(111) and polycrystalline Ag arises from the different scattering geometry, which is used for Ag(111) in order to achieve maximum surface sensitivity. 27 One can see that in contrast to the experimental findings, the calculated data exhibit a pronounced physical matrix effect. For Ag(111) and polycrystalline Ag, the difference in AN rates amounts to ∼30%, whereas for Ag(110) a discrepancy in of ∼10% can be deduced. These results were calculated with a constant upward shift of the He level by 2 eV. In contrast to the calculations for Au and Cu, the calculated ion fraction for Ag is lower than the experimental data. Further investigations revealed that for silver reacts to an energy shift of the He level similarly, as Au and Cu do. Therefore, agreement between theory and experiment for Ag(111) would require to move up the energy level of He by about 4 eV.
From these findings for Ag it is possible to draw the following conclusions: Either the employed AN model does for some reason not describe Ag adequately, or the He level shift for Ag is fundamentally different from the level shifts of He for Cu and Au. This latter assumption is supported by the investigation of AN for Ag in the grazing scattering regime. Here the calculated rates for Ag(111) have proven to be in accordance with experimental values. 23 The difference in the level shift at close distances for Au and Ag could be due to the different positions of the d-bands. The surface state of Ag (111) should not lead to the observed differences, since Sarasola et al. found an increased AN rate due to presence of the surface state. The results obtained for noble metals have shown that for these materials AN is governed by d-orbitals. Moreover the calculated rates indicate that in principle similar electronic structures lead to similar AN behaviors. The He 1s level turned out to have a significant influence on the resulting AN rate. To a decrease in the energy of the He 1s level, all three noble metals reacted with an increase of AN rates in a similar way. This behavior of the noble metals is in contrast to that of Al, for which calculations result in a decrease in when the He 1s level is lowered by a specific amount. 21 While calculations using a very similar He 1s level shift reproduce experimental results for Cu and Au quantitatively, investigations for Ag indicate a significantly different behavior. Good agreement between the employed model and results in grazing scattering support the hypothesis that for Ag the He 1s level shift at small ion-surface distances is significantly different than for Au or Cu. The impact of the He level shift on AN was obtained by use of two different models, each containing a free parameter, which could be fixed within physically reasonable limits. In order to gain further insight and give a definite answer to the puzzling behavior of Ag, detailed calculations of the level shift for the investigated noble metal surfaces are required.
